Introduction
In recent times thin-walled and cold-formed steel sections have been used extensively in residential, industrial and commercial buildings as primary load bearing members. There are many significant benefits associated with the use of such sections in these buildings. Thinner cold-formed steel sections with improved geometry are continuously developed to suit varying requirements including higher flexural capacities. LiteSteel Beam (LSB) is a new cold-formed steel hollow flange channel beam produced by OneSteel Australian Tube Mills (Figure 1(a) ). It is manufactured from a single strip of high strength steel through the use of a combined cold-forming and dual electric resistance welding process. The unique crosssectional shape of LSB with two rectangular hollow flanges was chosen such that it provides higher structural performance compared to other cold-formed steel beams produced to date.
The LSB has many applications but, in particular, has become a very popular choice in the flooring systems as shown in Figure 1 (b) [1] . Table 1 MPa, respectively. Although the base steel has a yield stress of 380 MPa, the cold-forming process improves the yield stress of LSB flanges to 450 MPa.
Current practice in flooring systems is to include openings in the web of floor joists or bearers so that building services such as electrical conduits and plumbing facilities can be located within them. Without web openings in beams, building services have to be located under the joists leading to increased floor heights. Pokharel and Mahendran [2] recommended the use of circular web openings in LSBs based on an investigation using finite element analyses. Three standard opening sizes of 60, 102 and 127 mm are used with the currently available LSBs [3] . Keerthan and Mahendran [4] have shown that approximately 88% of the shear force is carried by the main web element of LSB. Hence the use of web openings in LSBs significantly reduces their shear capacity due to the reduced web area. There are many variables that affect the shear capacity of members containing web openings. They include the shape, position and size of web openings and also the slenderness of the web element.
Therefore Keerthan and Mahendran [5, 6] investigated the shear behavior and strength of LSB with circular web openings using experimental and numerical studies. New design equations were developed by them for the shear capacity of LSBs with web openings, which included both the enhanced buckling coefficient and post-buckling strength in shear.
Since the loss of shear capacity of LSBs was found to be as high as 60% [5] when the standard 127 mm web openings were used in 200x45x1.6 LSBs, the LSB manufacturers and researchers realized the need to improve the shear capacity of LSB with web openings. There are several methods used to improve the shear capacity of beams with web openings. The most practical method is to increase the web thickness. However, this may not be possible with cold-formed steel sections as the thickness is governed by the manufacturing process. A cost effective way to improve the detrimental effects of a large web opening is to attach appropriate stiffeners around the web openings. Currently available cold-formed steel design standards [7, 8] and other steel framing standards [9] do not provide adequate guidelines to facilitate the design and construction of stiffeners for LSB floor joists with large web openings. Hence experimental studies were conducted to develop the most effective and economical stiffener arrangement for LSBs with circular web openings subjected to shear. This paper presents the details of a series of shear tests of LSBs with stiffened circular web openings, and the results. New plate stiffener arrangements have been proposed for LSBs with web openings to restore the original shear capacity of LSBs without web openings. This paper also includes a brief review into the shear capacities of steel beams with web openings.
Review of the Shear Capacities of Steel Beams

Steel Beams with Web Openings
Various studies were undertaken to investigate the effects of web openings on the shear capacity of steel beams in the early 1960s. However, most of the researches undertaken before the 1970s concentrated primarily on the effect of openings in moderately thick elements [10] .
The investigation of cold-formed steel sections containing web openings was mostly undertaken in the last decade [11] [12] [13] . Redwood and Shrivastava [14] stated that openings less than 30% of the section height will not cause a significant reduction to the flexural capacity.
Shan et al. [12] conducted detailed experimental studies into the shear capacity of thin coldformed steel sections. They recommended that the nominal shear capacity of cold-formed lipped channel beams with web openings can be calculated using a reduction factor applied to the solid web strength of the shear element. Eiler [13] extended Shan et al.'s [12] work to include the behaviour of web elements with openings subjected to linearly varying shear force, and proposed suitable design equations. These design equations have now been included in AS/NZ 4600 [7] and AISI [8] . Chung et al. [15] investigated the vierendeel action associated with web openings, which is the result of four plastic hinges forming at critical locations around the web openings. They stated that when a large web opening is present the shear capacity is significantly reduced and consequently the flange shear capacity becomes important. Hagen et al. [16] and Hagen and Larsen [17] showed that the reduction in shear capacity due to web openings could depend on a range of parameters relating to the removal of material from the web. The primary parameters that govern the shear capacity are the web slenderness (d 1 /t w ), the opening size (d wh /d 1 ), the yield stress of steel (f yw , specifically the ratio √f yw /E) and the spacing between transverse web stiffeners. The secondary parameters refer to the shape, location and spacing of openings while the tertiary parameters are related to the flange cross-sectional area, bending and torsional stiffness. McMahon et al. [18] conducted 10 shear tests of back to back LSB sections with web openings to investigate their behavior and strength. Keerthan and Mahendran [5, 6] investigated the shear behavior of LSBs with web openings using both experimental and numerical studies, and developed suitable equations for the shear capacity of LSBs with web openings.
Steel Beams with Stiffened Web Openings
Shear stiffeners are commonly used in other types of structures such as ships, off-shore structures and aircrafts. However, limited research has been undertaken on the required shear stiffeners of cold-formed steel members with large web openings. Segner [19] and Copper and Snell [20] investigated the behaviour of hot-rolled steel beams with stiffened web openings.
Different types of stiffener systems were developed by Segner [19] as shown in Figure 2 . The stiffener systems consisted of horizontal, vertical and inclined bars welded to the web around the openings. These studies focused primarily on square and rectangular holes, having a particular type of web stiffener. Redwood and Shrivastava [14] developed design proposals for W-shaped hot-rolled beams with and without reinforced web openings. Pennock [21] conducted 56 tests to determine the effects of large circular openings on the strength of coldformed steel joists and assess the performance of various stiffener systems. Circular and square openings, which reduced the web area by 75%, were investigated. Most of the test specimens were subjected to bending and combined bending and shear under simply supported conditions. Pennock [21] stiffened the web openings with a piece of a joist of the same shape and thickness. He found that the use of this type of stiffener in pure flexure was ineffective in restoring the capacity of joists. The stiffener systems tested by him are shown in Figure 3 (a).
According to the prescriptive method for one and two family dwellings in the current standard for cold-formed steel framing [9] , the web openings can be stiffened (patched) with a solid steel plate, stud section or track section. The minimum thickness of such stiffener shall be equal to the thickness of receiving section, and shall extend a minimum of 25 mm beyond all edges of the openings. The steel plate, stud section or track section can be fastened to the web of the section with No.8 screws (minimum size) at spacing no greater than 25 mm along the edges of the patch with a minimum edge distance of 12.5 mm. The stiffener systems suggested by AISI [9] are shown in Figure 3 (b). Due to the absence of any experimental investigations to support the recommendations of AISI [9] , Sivakumaran et al. [22] and Sivakumaran [23] conducted experimental studies to establish a suitable stiffener system for cold-formed steel beams with web openings. Sivakumaran et al.'s [22] experimental study considered 11 sets of three identical test specimens of lipped channel Sivakumaran [23] conducted an experimental study to develop the stiffener system for coldformed steel lipped channel beams (LCB) with web openings. He considered 201x41x12x1.12 LCBs with 127 mm web openings. Figure 4 shows the three types of stiffener systems tested by him for which the stiffener thickness was the same as LCB thickness as recommended by AISI [9] . Single web side plate was located at the end supports and the loading point in order to eliminate any torsional loading of test beams and web crippling of flanges and flange bearing failures. Single web opening was used in the shear test set-up instead of two symmetrical web openings as shown in Figure 4 . Table 2 shows the shear capacities of tested 201x41x12x1.12 LCBs with stiffened web openings.
Sivakumaran [23] stated that the plate stiffener and LCB stud stiffener established as per AISI [9] stiffening requirements are not adequate to restore the shear strengths of joist sections with web openings. The bridging channel stiffener in the form of a virendeel type reinforcement system was considered capable of restoring the original shear strength of a cold-formed steel joist section (Table 2 ). Since the 201x41x12x1.12 LCB without web openings failed by combined bending and shear at 12.43 kN as shown in Figure 4 (a), its true shear capacity would be higher than 12.43 kN (see Table 2 ). The true shear capacity of 201x41x12x1.12 LCB was calculated as 18.07 kN based on Keerthan and Mahendran [4] .
Hence it appears that LCB stud, plate and bridging channel stiffener established as per Sivakumaran [23] and AISI [9] stiffening requirements are not adequate to restore the original shear capacity of 201x41x12x1.12 LCB, which is 18.07 kN. Larger and thicker plate and stud stiffeners may be needed for this purpose.
Hassanein and Kharoob [24] investigated the shear beahviour and strength of transversely stiffened tubular flange plate girders. They modified the relevant Eurocode 3 design rules [25] to calculate the shear strength of tubular flange plate girders based on finite element analysis results. Their modification took into consideration: (1) the boundary condition at the web-flange juncture (2) the increased contribution of the hollow tubular flanges, and (3) the aspect ratio of the web panel.
Shear Tests of LiteSteel Beams with Stiffened Web Openings
This experimental study was aimed at developing the most suitable web stiffening arrangements for LiteSteel beams (LSB) with circular web openings in shear. It is vital that key parameters are chosen carefully in the design of any test program. In order to fully understand the shear behaviour of LSB sections with stiffened web openings, several important issues were considered when deciding these parameters such as the ratio of the depth of web openings to clear height of web (d wh /d 1 ), types and thicknesses of stiffeners, number of self-drilling Tek screws and their spacing. In this shear test program of LSBs with stiffened web openings, LSB test specimens were designed to fail in shear prior to reaching other section capacities.
Test Specimens
Experimental studies were conducted to investigate the shear behaviour and strength of LSBs with stiffened web openings using a series of primarily shear tests of simply supported LSBs with stiffened web openings subjected to a mid-span load ( Figure 5) . One of the more commonly used LSB section, 200x45x1.6 LSB, was used in all the tests. The measured average yield stresses of the outside and inside flanges and web elements of this LSB were 539, 495 and 452 MPa, respectively. Three opening sizes of 60, 102 and 127 mm were chosen based on the standard sizes given in OATM [3] for 200x45x1.6 LSB sections. Plate and stud stiffeners as recommended by AISI [9] were used with varying thicknesses and sizes and screw fastening arrangements in 13 tests (see Figure 5 ). Four tests were also conducted without stiffening the web openings, giving a total of 17 tests. In order to simulate a primarily shear condition, relatively short test beams were selected based on an aspect ratio (shear span a/ clear web height d 1 ) of 1.5. Table 3 presents the details of the shear test specimens used in this study.
Test Set-up
Two LSB sections were bolted back to back using three T-shaped stiffeners and three web side plates located at the end supports and the loading point in order to eliminate any torsional loading of test beams and possible web crippling of flanges and flange bearing failures. A 30 mm gap was included between the two LSB sections as shown in Figure 5 to allow the test beams to behave independently while remaining together to resist torsional effects.
The LSB sections were loaded through the central T-shaped stiffener that was attached to the back to back test beams and the two web side plates with 4 M16 bolts at the mid-span loading point. These T-shaped stiffeners were important as they avoided any bearing failures of the flanges. This method of loading has the added advantage of loading through the shear centre, thus avoiding eccentric loading and web crippling. Similar T-shaped stiffeners were also located at the supports, and were bolted to the two LSBs and the two web side plates on either side. Figure 5 shows the experimental set-up used in the shear tests of LSBs with stiffened web openings.
The support system was designed to ensure that the test beam acted as a simply supported beam with pinned supports at each end. The test beam was supported on round sections. All contact surfaces within the system were machine ground and polished to a very smooth surface. The ends of the test beams were free to rotate and it was therefore confirmed that simply supported conditions were simulated accurately at the end supports. The applied load at the mid-span of the test beam is the most important parameter. The measuring system was set-up to record the applied load and associated test beam deflections. Two laser displacement transducers were located on the test beam under the loading point and web panel to measure the vertical and lateral deflections, respectively ( Figure 5 ). Lateral deflection was measured at Point A of the shear panel as shown in Figure 5 (b) whereas the vertical deflection was measured on the bottom flange of LSB at mid-span.
As mentioned earlier, relatively short test beams of span based on an aspect ratio of 1.5 were selected. It is practically impossible to set up a loading scheme in shear tests where a test panel is subjected to pure shear. A bending moment will be present too. But it can be assumed that the shear capacity is not affected provided the ratio of applied moment M * to the section moment capacity  M s is less than 0.75. This is based on the design rules of AS 4100 for combined shear and bending [26] . This requirement was met by all the test specimens chosen in this study (Table 3 ) and hence it was considered that the shear capacities from these tests were not affected by the presence of any bending moment.
Details of Stiffening Arrangements
This section describes the details of the various web stiffening arrangements attempted in this experimental study. Test Specimens 1 to 4 were not stiffened as shown in Figures 6 (a) to (d) .
In Test Specimen 5, the web openings were stiffened with plate stiffeners based on AISI's [9] minimum stiffening requirements. The thickness of the plate stiffener was equal to the thickness of 200x45x1.6 LSB section while the plate stiffener extended 25 mm beyond all the edges of the web openings. This gave the dimensions 152x152x1.6 mm for the plate stiffeners of Test Specimen 5. The plate stiffener was fastened to the web of the LSB section with No.12 Tek screws (6mm diameter) at 25 mm spacing along the edges of the plate stiffener with an edge distance of 12.5 mm as shown in Figure 7 (a). This stiffener arrangement was defined as "Arrangement 1" (20 screws). Test Specimen 6 was assembled similar to Test Specimen 5. Here Tek screws were spaced at 63.5 mm along the edges of the plate stiffener (three screws on each side of the plate stiffener giving a total of 8 screws) with an edge distance of 12.5 mm (see Figure 7 (b) ). This stiffener arrangement of using eight screws was defined as "Arrangement 2". Since the use of plate stiffeners with a thickness equal to the LSB web thickness (1.6 mm) did not restore the original shear capacity of LSB, two and three 1.6 mm plate stiffeners (total thicknesses of 3.2 mm and 4.8 mm) were used in Test Specimens 7 and 8, respectively. The plate stiffeners' heights were also increased to match the clear LSB web height of 168 mm, which led to plate stiffener sizes of 152x168x3.2 mm and 152x168x4.8 mm. These two specimens were fastened using eight screws (Arrangement 2) as in Test Specimen 6. It was decided to locate the screws in the middle as implied by AISI [9] recommendations. Hence, unlike in Test Specimen 6, the edge distance along the horizontal edges was 16.5 mm instead of 12.5 mm while its spacing along the vertical edges was 67.5 mm instead of 63.5 mm due to the increased height of plate stiffeners.
Test 7 and 8 specimens are shown in Figures 8 (a) and (b), respectively.
In Test Specimen 9, 200x45x1.6 LSB stud stiffeners were attached to LSB specimen with 102 mm web openings while 200x45x1.6 LSB stud stiffener and 177x168x1.6 mm plate stiffener were attached to LSB specimen with 127 mm web openings in Test Specimen 10 ( Figure 9 ). In these tests, the stiffener heights were again increased to that of clear web as it was considered to improve the shear capacity. Arrangement 2 of eight screws was used in Test Specimen 9, but the edge distances and screw spacings were 16.5 mm and 67.5 mm on all four sides. The screw fastening arrangement in Test Specimen 10 was improved with four additional screws in the diagonal direction giving a total of 12 screws (Arrangement 3) as shown in Figure 9 (b). The additional screws along the diagonal direction were located at 10 mm from the edge of the web openings. In order to increase the shear capacity further, 3 mm thick and 202 mm wide plate stiffeners were used for the full web height of Test Specimens 11 and 12 (Figures 10 (a) and (b) ). As in Test Specimen 10, four additional Tek screws were used to attach these 202x168x3.0 mm plate stiffeners along the diagonal direction to enhance the shear capacity of LSB with web openings. The screws were located in the middle on each side of the plate stiffener, which led to the edge distances of 25 mm and 16.5 mm and spacings of 67.5 mm and 76 mm in Test 11 (see Figure 10 (a) ). However, in Test Specimen 12, the edge distances were 12.5 mm and 16.5 mm (see Figure 10 (b) ). This stiffener arrangement of using 12 screws with a reduced edge distance of 12.5 mm was defined as "Arrangement 4". In Test Specimen 13, 202x168x3.0 mm plate stiffeners were welded to LSBs with 102 mm web openings as shown in Figure 10 (c) to determine whether welding instead of screw-fastening would produce higher shear capacities. Test Specimen 14 was used to investigate the use of thicker (5 mm) and wider (227 mm) plate stiffeners to restore the shear capacity in the case of larger 127 mm web openings. Two 2.5 mm plates of 227x168 mm dimensions were screw fastened using 12 screws in Arrangement 3 as in Test Specimen 11 (Figure 11 (a) ). Test Specimens 15 is similar to Test Specimen 14 except in this case the plate stiffeners were attached to LSB using screws located on a circular format as shown in Figure 11 
Test Procedure
Two LSBs with web openings were cut to the required length, and their sizes, in particular, the clear web height (d 1 ) and web thickness (t w ) were measured. Test specimens were cut 50 mm longer than their required span in order to allow 25 mm overhang at either end of the test beam. Holes were then inserted at the loading and support positions to allow for the effective connections at these points. Stiffeners were then attached to the LSBs using No.12 Tek screws based on the fastening arrangements discussed in the previous section.
Shear span (a) was taken as the distance between the centre of inner bolts on the web side plates, and the test span was calculated based on the required aspect ratio ( Figure 5 ). For 200x45x1.6 LSB with d 1 = 170 mm, the shear span was 255 mm corresponding to an aspect ratio of 1.5. Hence the specimen length was 695 mm based on the spacing of bolts in the web side plates of 45 mm and the edge distance of outer bolts of 25 mm. The two LSBs were then assembled as back to back LSBs, and positioned accurately in the test rig to ensure that the three point loading method was achieved.
Two laser displacement transducers were positioned and connected to the data acquisition system to measure the vertical and lateral deflections as shown in Figure 5 . A small load (5% of the estimated ultimate load) was applied first to allow the loading and support systems to settle on bearings evenly. During the loading phase, the cross-head of the testing machine was moved at a constant rate of 0.7 mm/minute until the test beam failed.
Test Results
The purpose of conducting full-scale shear tests is to experimentally establish the shear capacities of LSB sections with stiffened web openings. These experimental results are important as they provide a point of comparison with which to gauge the performance of the shear design rules as well as presenting some data with which to verify finite element models of LSB sections with stiffened web openings. The shear force induced in each LSB section is equal to the applied load divided by 4 in the back to back LSB test arrangement. Table 3 shows the ultimate shear capacities of 17 tested LSBs. 6 kN vs 52 kN) . Hence it showed that the plate stiffeners established as per AISI [9] recommendations are not adequate to restore the shear strengths of LSB with web openings.
Tests 5 and 6 were conducted with 152x152x1.6 mm plate stiffeners attached with different screw spacings (Arrangements 1 and 2) . Figures 7 (a) and (b) show the failure modes of LSBs in these tests while Figure 14 and Table 3 compare their shear capacities. They show that the use of screw fastening arrangement with more screws (20 versus 8 screws) only increased the shear capacity of LSBs by about 5%. Tests 7 and 8 were conducted to investigate the effect of using thicker (3.2 and 4.8 mm) plate stiffeners of full web height (152x168 mm). Figures 8 (a) and (b) show the failure modes of LSBs with 152x168x3.2 mm and 152x168x4.8 mm plate stiffeners, respectively. These tests showed that the shear capacities increased considerably (25%). Table 4 shows the effect of screw spacing and the thickness and sizes of plate stiffeners on the shear capacity of LSBs with web openings. It shows that the shear capacity of LSB with web openings increases with thicker and larger plate stiffeners while it did not change much due to reduced screw spacing.
Tests 9 and 10 were conducted to investigate the effect of using LSB stud stiffeners on the shear capacity of LSBs with web openings. Figure 9 shows the failure modes while Figure 15 shows the applied load versus deflection curve for 200x45x1.6 LSB with 102 mm web openings and 200x45x1.6 LSB stud stiffeners. Figure 15 (a) shows the presence of significant reserve capacity beyond elastic buckling. Figure 15 and Table 3 show that by using LSB stud stiffeners it was possible to achieve about 80% of the shear capacity of LSB without web openings (52 kN) in Test 9 with 102 mm web openings. The use of LSB stud stiffeners provided higher shear capacities than plate stiffeners of the same thickness. However, they
were not able to fully restore the shear capacity of LSBs without web openings. More than one plate stiffener has to be used in addition to LSB stud stiffeners for this purpose.
Tests 5 to 10 showed that thicker and wider stiffeners of full web height are needed to fully restore the shear capacity of LSBs. Hence Tests 11 and 12 of LSBs with 102 mm web openings were conducted with 3 mm plate stiffeners that were 202 mm wide (50 mm on either side of the edge of web opening) and 168 mm height (full web height). They showed that these plate stiffeners could restore the full shear capacity (54.5 and 52.5 versus 52 kN).
These tests also showed that Arrangement 4 with reduced edge distance of 12.5 mm led to a small reduction in the shear capacity. Hence screw fastening Arrangement 3 is recommended.
Test specimen 13 with welded plate stiffeners failed at 67 kN due to combined shear and bending as shown in Figure 10(c) . This test showed that the shear capacity of LSB with web openings can be improved to levels beyond the shear capacity of a solid LSB section (52 kN) by welding suitable plate stiffeners. Generally horizontal, vertical and inclined stiffeners are welded to the web around the openings in hot-rolled sections. These experimental results show that the plate stiffeners can also be welded to improve the shear capacity of coldformed sections with large web openings. However, welding is not recommended to avoid excessive heat and residual stress effects on the thin-walled cold-formed steel sections.
As for Tests 11 and 12, Tests 14 and 15 were conducted to determine the required web thickness in the case of larger 127 mm web openings. They showed that 5 mm plate stiffeners that were 227 mm wide (50 mm on either side of the edge of web opening) and 168 mm height (full web height) fastened using Arrangements 3 and 5 were almost able to restore the full shear capacity (91% of the shear capacity of LSB without web openings of 52 kN). In this case, the depth of web opening to the clear height of web ratio (d wh /d 1 ) is 0.75, which is more than the limiting value of 0.7 given in AS/NZS 4600 [7] . Hence it is unlikely that such large openings will be used in practice.
The slight reduction in the shear capacity below the targeted capacity of 52 kN for Tests 14 and 15 was considered to be due to the variations in web thicknesses between test specimens.
As seen in Table 3 the measured web thickness of Test Specimen 14 was 1.56 mm while it was 1.59 mm for Test Specimen 1 (LSB without web openings). The effect of reduced web thickness on the shear capacity was predicted to be 6% reduction based on an assumption that the LSB shear capacity is proportional to web thickness cubed [4] . Arrangement 5 used in Test Specimen 15 is architecturally appealing, however, it is not recommended as it can lead to additional installation costs.
Test 16 with 177x168x4.8 mm plate stiffeners gave a shear capacity of only 35.6 kN due to the use of plate stiffeners with reduced width (177 mm versus 227 mm). However, for Test Specimen 17 with 60 mm web openings, 1.6 mm thick plate stiffeners of 160x168 mm were able to restore the original shear capacity (50.5 vs 52 kN). As explained earlier for Test Specimen 14, the slight reduction in capacity was due to its reduced web thickness (Table 3 ).
This shows that AISI's [9] recommendation for the minimum width of plate stiffeners to be based on 25 mm on each side of web openings is not adequate. This research has shown that the plate stiffeners should extend 50 mm beyond all the edges of the web openings. Figure 16 shows the comparison of load-deflection curves for LSBs with and without stiffened web openings. They show that 200x45x1.6 LSBs with 102 mm web openings were able to restore the original shear strength and stiffness when the stiffener Arrangement 3 was used.
In summary, test results in Table 3 show that plate stiffeners with dimensions equal to web opening width and depth plus 100 mm, screw fastened using Arrangement 3, are needed to restore the original shear strength of 200x45x1.6 LSBs. Their thicknesses have to be a minimum of 1.6 mm, 3.0 mm and 5 mm for these LSBs with 60 mm, 102 mm and 127 mm web openings, respectively.
Recommended Plate Stiffener System for LSBs with Web Openings Subject to Shear
In this section a suitable plate stiffener system is proposed for LSBs with web openings based on experimental results. Although tests were only conducted for 200x45x1.6 LSBs, it is considered that test results reported in this paper can be used to propose a suitable stiffener system that is applicable to other LSBs shown in Table 1 . Test results showed that LSB stud stiffener alone was not adequate and plates also have to be used to increase the thickness. The use of plate stiffeners allows the designers to use appropriate widths and thicknesses. Hence Since the level of fixity at the web-flange juncture of LSB is the same for the available LSBs (87% fixity level) [4] , Equations 1 to 3 are considered to be applicable to all the LSB sections in Table 1 . Some test results indicated that the d wh /d 1 ratio has to be restricted to a value of 0.7 to restore the full shear capacity of LSB without web openings while AS/NZS 4600 also restricts this ratio to 0.7. Hence Eq.3 is also limited to the same value. is used. The findings reported in this paper are specifically developed for LSBs. They may also be applicable to other cold-formed steel sections. However, detailed experimental studies of such sections are needed to confirm this.
Conclusions
This paper has presented the details of an experimental investigation into the shear behavior and strength of a new cold-formed hollow flange channel beam known as LiteSteel beams with stiffened web openings. Seventeen primarily shear tests were undertaken using a three point loading arrangement. Effects of stiffener types (plate and stud stiffeners) and sizes (thickness, width and height) and screw fastening arrangements on the shear capacities of LSBs with web openings were investigated in detail. It was found that the plate stiffeners based on AISI [9] recommendations are not adequate to restore the original shear strengths of . Simple predictive equations have also been proposed for the dimensions of recommended plate stiffeners. LSB stud stiffeners were also shown to provide 80% of the shear capacity of LSB without web openings when their thickness was the same as the web thickness of the main beam. However, for them to be fully effective, plate stiffeners also have to be used.
